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Source of Outer Zofie ?rotons* 

W. N .  Hess 

i n  t r  oauct i on 

In  the  L = 2 t o  5 range i n  t h e  outer rad ia t ion  b e l t ,  Davis, 

Hoffiaan, and Williamson [1964] f ind t h a t  the  spectra  of t he  

r e l a t i v e l y  s t ab le  0.1 t o  5 Mev protons show smooth but  l a rge  va r i a t ions  

with L and equator ia l  p i t ch  angle, cyo, as i n  Fig. 1. 

the  e a r t h  and a t  cyo near 90' a re  more energet ic  zhan those a t  

l a r g e r  L and a t  smaller (2'0. The spectra a r e  well  represented by 

Protons near 

Inspection of t h e  experimental da t a  showed t h a t  Eo a L'3 a B. 

This w a s  very suggestive s ince  t o  have a cha rac t e r i s t i c  energy of 

t he  system vary with the  magnetic f i e l d  suggested betatron 

acce lera t ion  and suggested that the  p a r t i c l e s  were moving r ad ia l ly  

across  the  f i e l d .  Such a process must v io l a t e  a t  l e a s t  the  t h i r d  

ad iaba t i c  invar ian t  of motion since the p a r t i c l e  moving r a d i a l l y  

aoes not  conserve the  magnetic f lux ins ide  its o r b i t .  

Kellogg [19591 first suggested t h a t  t he  r ad ia t ion  b e l t  might be 

formed through magnetic disturbances i n  which t h e  t h i r d  adiabat ic  

i n v w i a n t  of trapped p a r t i c l e s  is violated without v io la t ing  the 

first and second invar ian ts .  Violation of t he  t h i r d  invariant  

* The f i r s t  part of t h i s  paper follows closely the  mater ia l  i n  
Nakada, Dungey and Hess, J.G.R., - 7 0 .  
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a i o w s  xotion i n  L-space. A s  p a r t i c l e s  move closer t o  t h e  e a r t h  

&ey tend t o  gain energy with the maintenance of the f irst  

Lnvarimt since, f o r  example, E/B i s  a constant f o r  90' pi tch  

angles.  

Keiiogg's suggestion has been adopted f o r  t h i s  study although the  

mechanism for  motion i n  L space i s  unspecified.  

been assumed that motion i n  L-space i s  rapid compared with atmospheric 

ioss and s c a t t e r i n g  processes except very near t h e  ear th  and t h a t  t h e  

gmmagnetic f i e l d  i s  s u f f i c i e n t l y  w e l l  represented by a dipole.  

So, t h i s  process can introduce accelerat ion of protons. 

It has fur ther  

. 

3. 8L.c:rgy and Angle Variations 

I T t h e  f i r s t  and second ad iaba t ic  invariants  of trapped p a r t i c l e s  

are maintained during motion i n  L space, changes i n  both the  energy 

afid equatorial  p i tch  angle can be calculated.  The f i rs t  invariant  

is 

- E s in2  CYQ - - E L3 s i n 2  CUQ 

BO .3 i2  P -  

w k r e  Bo is  the equator ia i  magnetic f i e l d .  The second invar ian t  i s  
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where m i s  the  mass, v the  velocity,  (Y the l o c a l  p i t ch  angle and 

A is along the  guiding center.  

north-south osc i l l a t ion .  

The integrat ion i s  over a complete 

Since p and J a r e  constants, equation (1) may be divided by 

zae square of equation ( 3 )  t o  give 

s i n  CY L [ .~lu,) l 2  = constant.  

From t h i s ,  t h e  changes in  CY0 with L have been found and are shown 

In Figure 2. A s  Davis md Chang [1962] have indicated,  p a r t i c l e s  

aLffusing inwards assume f l a t t e r  hel ices  and move closer  t o  the  

c: quat or.  

I 

These changes i n  cy0 with L and equation (1) may be used t o  , 

f i n d  the va r i a t ion  in  energy with L and (YO. 

>'igure 3 fo r  protons having cyo values a t  L = 7 as indicated on the  

curves. Energies are relat ive i o  energiza a t  L 7. 

Results are shown in 

"he energy transformation i s  given by 

os E L3 s in2  cyoL = Es Ls3 s in2  (Y 

where the subscr ip t  s r e f e r s  t o  t h e  source. 

hhs an exponential  form, the  transformation is  given by 

If the  source spectrum 
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. 

which shows 

L~ sin2 aoL = L~~ s in2  aos 

?rom th i s  it can be seen t h a t  an exponential source remains 

exponential a f t e r  L space motion and t h a t  Eo changes i n  t h e  same 

way with L and (YO as has been calculated f o r  a single p a r t i c l e  i n  

the previous sect ion.  

These two predictions of the model may be compared w i t h  

experiment. The f i rs t  prediction, t h a t  t h e  spec t ra  r e t a i n s  i t s  

exponential form, i s  i n  agreement w i t h  experiment. To tes t  t h e  

second prediction, measured Eo [Davis e t  al.,  19641 have been 

p lo t ted  in Figure 4 as a function of L w i t h  appropriate  changes i n  

cy0 with L. The labe ls  on t h e  curves refer t o  Cyo values a t L  = 7. 

The dashed curves i n  Figure 4 are taken from Figure 2 f o r  corresponding 

changes in E with L and cyo. The changes in Eo with L show good 

agreement between the  model and experimental results. 

resu i ix  also give the  same trend as t h e  model i n  the change i n  the  

slopes of t h e  curves with ao. 

The experimental 



If the dashed curves i n  Figure 4 a r e  extended, they i n t e r s e c t  

n e a  L = 10. This in t e r sec t ion  i s  where t i e  spectrum i s  independent 

of cy0 and thus gives a source location w i t h  the  simplest  assumptions 

&Dout t'ne source. 

Flux Variation w i t h  L 

Now l e t  u s  consider the  way the  f l u x  of p a r t i c l e s  w i l l  vary w i t h  

motion i n  L. The dens i ty  of pa r t i c l e s  i n  phase space, f ,  is given by 

But, t h e  p i t ch  angle d i s t r ibu t ion  i n  protons/cm2-sec-ster-Mev measured 

by Davis, Hoffman and Williamson i s  
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or 

This shows the simple re la t ionship  between the measured f luxes and the 

veiocizy d is t r ibu t ion  f'unction. 

and J constants of t h e  motion. 

var ies  with posi t ion by studying 

Our model of t he  d r i f t  process has p 

We can study the  way the p a r t i c l e  flux 

Tne values of f were computed as f'unctions of L f o r  t h e  da ta  of 

, 

ilavis and Williamson f o r  many pairs of t h e  values of p and J, and Figure 

3 shows f plot ted aga ins t  L for fixed and J. The curves fo r  a l l  p and 

J were normalized i n  t h e  region L = 4 t o  compare t h e i r  shapes and t h e  

following in te res t ing  empirical  f a c t  shows up 
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Yna‘c i s  t o  say, the function f is separable and the L dependence is 

e s s e n t i a l l y  the same 3or a l l  p and I. 

w r i t e  

This being the case we can 

b. (-re CiL) can be read d i r e c t l y  from Fig. 5 and it can be used t o  transform 

Axes “om one L t o  another. ‘Fig.  3 shows f varying considerably w i t h  

L. It is seen that (@/a) is always posi t ive,  suggesting that the 

:.i:*uicle source i s  a t  l a rge  L, t h e  p a r t i c l e s  duffusing inwards and loss 

a-,rccesses reducing f further i n .  

L i j e r  i values implies t h a t  loss processes are probably r e l a t i v e l y  

i-i,mpor-cant there, the  slope probably being due t o  d i f fus ion  of particles 

a.vay f i - G z  thz s m r c e  at t h e  mter bni-imdary. 

&L t h e  lower L values imply that  l o s s  processes a r e  r e l a t i v e l y  important 

13 this region. 

VJ 
/ 

The s m a l l  s lopes of Figure 5 a t  the  

The much l a rge r  slopes 

We now have a scheme fo r  transforming proton fluxes from one posi t ion 

i A 1  3,L space t o  another posi t ion.  

L a w  how t h e  energy Eo of an exponential d i s t r i b u t i o n  var ies  and how 

the  equator ia l  p i t c h  angle changes. 

an empir ical ly  determined scheme for transforming p a r t i c l e  fluxes as 

Using equations (1) and (2 )  w e  

Using the da ta  i n  Fig. 5 we have 
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given by equation ( 1 2 ) .  S t a r t i ng  with the  data  of Davis, Hoffknan and 

Williamson shown i n  Fig. 6 f o r  equator ia l  p a r t i c l e s  a t  L = 5 ,  we 

have transformed t h i s  t o  L = 2.4. 

by an expression 

This equator ia l  data  has been f i t  

i L 

Om,,ously the second term i n  equatlon (13) is  not  very w e l l  known s ince 

fA-on Fi6. 6 there  a r e  only two Toints t h a t  can be used t o  f i t  t h i s .  

This trmsformed data i s  compared d i t h  the  Relay 1 data  of F i l l i u s  and 

McLwair, i n  Fig.  7. Over the  range where comparison i s  possible  the  

agreement i s  very good. The transformed f lux  and the  experimental f lux 

a i  L 2.4 agree t o  within a f ac to r  of 2 which is  as accurately as 

C(L; i s  known from Fig. 5 .  

Ztrtvis' data  runs out here.  The experimentally measured f luxes a t  

L = 2.4 fa l l  s ign i f i can t ly  above the  extrapolat ion of Davis' da ta  shown 

dotted i n  Fig. 7 suggesting t h a t  a t h i r d  term should be added t o  the  

f l u x  descr ipt ion i n  equation ( 1 3 ) .  

w e  have added a t h i r d  exponential 

Beyond E = 18 Mev the  comparison i s  impossible. 

For p a r t  of the following discussion 

-E/4 95 j= (E)  = 1.0  x lo5 e 
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Off -E quat or  Protons 

Eiaving found reasonable agreement between measured f luxes  and 

transformed f luxes for  equator ia l  par t ic les ,  l e t  us naJ examine of f -  

equator p a r t i c l e s  having a0 # 90'. 

Hoffknan and Williamson data a t  L = 5 similar t o  t h a t  given i n  

We start  with a f i t  t o  t he  Davis, 

equation (13) but  wi-ch values of The constants a i (ao)  and Eoi(a0) 

varying with the  p i tch  angle.  Davis has made such a f i t  t o  h i s  da ta  s o  

this  i n i t i a l  data is  well  known. Using the  same transformation as before  

i n v o l v k g  equations (11, ( 2 )  and (12)  the  f l u x  measured a t  L = 5 has 

b t en  transformed t o  oLrer L values and i s  compared with the  Relay 1 

&La o: F i l l i u s  and NcIlwain f o r  of f -eqmtor  locat ions i n  Fi,.;ues 8 t o  

. r  1: these  f igures  the  transformed f i u x  curves a r e  shown labeled by 

which exponential 1, 2 or  3 from equations (13) or  (14)  dominates in  

determining the  f l u x  above a ce r t a in  energy a t  a ce r t a in  loca t ion .  

From inspect ing Figures 8 t o  12 w e  can a r r i v e  a t  t h e  following general  

statements: 

(1) Near t h e  equator the agreement of t he  measured f luxes 

cnd t r ax fo rmed  f luxes is  qui te  good where d i r e c t  comparison can be made. 

This agreement remains qui te  good going off-equator up t o  a loca t ion  

dependent on-energy and loca t ion  but given very roughly by B/Bo - 3 

IGi  procon energies of a few MeV. For higher energies (Fig.  11 and 

Fig. 12 )  the  region of agreement i s  qui te  small. 
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(2) 701- i o c a t i o x  well  off-equator there  i s  a decided 

discresamy betwesr; t h e  rixssured f laxes  and transformed f luxes.  

meai;zred f luxes stre consis tent ly  higher. 

The 

There are a t  i e a s t  two ways i n  which the off-equator fluxes m i g h t  

be ;:lads Larger t‘can tliose giver, by the  transformation here. 

Shei;’r3 may be processes which v lo la te  e i t h e r  the f i r s t  or second 

LdiLjatic invariant  t h a t  usaa l ly  w i l l  tend t o  move p a r t i c l e s  down 

F i r s t  

2 ’iei& l i n e s .  In  t h i s  way we could 2o2ulate off-equator locat ions by 

..Aovi;.:s p a r t i c l e s  from the equator ia i  region down f i e l d  l i n e s .  We 

,.lust be caref’ul not t o  do t h i s  s o  e i ’ f ic ien t ly  t h a t  the  equator ia l  

;luxes are changed s igni r icant iy ,  otherwise we would l o s t  the  agreement 

Ghat we do have a t  the  eqaator. But most of t h e  Davis protons i n  a 

ixbe of force a r e  confined qui te  close t o  t h e  equator s o  maybe supplying 

Lhe lower a l t i t u d e  popuiation can be acconpiished without damaging 

the equator ia l  agreement. 

A second way of suppiying the off-equator proton flux, which seems 

more l i k e l y  t o  me, would involve a second source of protons. 

wel l  esta’aiished that neutron decay protons produce most of t h e  

observed E > 30 Mev protons f o r  L < 1.5. 

extends outwards i n t o  the  outer b e l t ,  f a i l i n g  off about a R-2. 

protons w i l l  a l s o  be acted on by t h e  process that v i o l a t e s  t h e  t h i r d  

invariant  and these protons w i l l  a l s o  move i n  L.  These w i l l  tend t o  

It i s  

The neutrons decay source 

These 
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c-ffuse ohitwards away from the  source. 

Ais process might be responsible for  the  sharp outer edge of the  

k n e r  b e l t  proton d i s t r ibu t ion .  

t h a t  outer zone protons d i f fuse  inwards t o  f i l l  the  region near the 

equator a t  low L values and simultaneously inner zone protons a r e  d i f fus ing  

outwards t o  fill the  higher €3 parts of f i e l d  l i n e s  as shown i n  Fig. 13 

This i s  w h a t  is expected by analogy t o  gradient d i f fus ion  where p a r t i c l e s  

tend t o  move away from regions of high f lux .  This idea has not  been 

Tverskoy (1964) suggested t h a t  

W e  have the  in t e re s t ing  p o s s i b i l i t y  

t e s t ed  quant i ta t ive ly .  

Other P a r t i c l e s  

Recently experiments have indicated t h a t  besides  protons, other 

p a r t i c l e s  a l s o  undergo L d i f fus ion .  

inwards moving wave of e lectrons in  t h e  outer b e l t  following a magnetic 

sto,m. 

Frank (1965) has shown a r a d i a l l y  

The wave had a r a d i a l  veloci ty  

v Ir kL8 

This wave has the  right propert ies  t o  be due t o  L d i f fus ion  concerning 

,+ and J .  

Davis and Chang (1962), and. Xakada and Mead. (1965) w i l l  operate equally 

wel l  on all p a r t i c l e s  t h a t  have the same d r i f t  period T~ around the  

earth s ince t h i s  is t h e  oniy pa r t i c l e  diameter that en te r s  t he  theory. 

'This means t h a t  e iec t rons  and protons of the  same energy w i l l  experience 

The magnetic pumping process described bv PRrk-7 (1359,) 
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._ 
r ~ , ~ ~ : i l y  ;;le same L a2f:usion. 

,..LY 

31. pitcA angle sca t te r ing  and i n  general short  l i fe t ime seem c h a r a c t e r i s t i c  

Yawever t2e electron problem appears 

cu,n&icated than the proton one. Other processes such as prec ip i ta t ion  

OT electrons, while f o r  protons L diffusion appears t o  be daninant. 

V a n  Allen (1965) has recent ly  i d e n t i f i e d  a -par t ic les  i n  t h e  

outer r a d a t i o n  b e l t .  If some of the protons i n  the outer b e l t  are due 

t o  L diffusion inwards from the magnetopause, then we  would expect 

a -par t ic les  there  too. It i s  now qui te  well  established t h a t  there  are 

several  percent a -par t ic les  i n  the s o l a r  wind. I f  these ge t  reasonably 

thermalized i n  the  t r a n s i t i o n  zone, as seems t o  occur f o r  protons and 

electrons,  then we should have f o r  the f lux of cy-particles i n  t h e  

transitLon zone 

where k - .O5 

Assuming t h a t  these a -par t ic les  can g e t  through t h e  magnetopause, 

h s  seems t o  be the case for the  protons, then by analogy t o  the  known 

proton energy spectrum inside 
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\;e V O U ~ G  e x - e c t  the a -par t ic le  emrgy s2eetrum t o  be 

Also as a r e s u l t  02 the  YnerroELlization we should have 

loA- d l  locat ions i n  t h e  rnagnecosphere w&re loss processes are not t o o  

lx;o--tarLt. 

ZGS pro7ALy w i l l  chaxge the two s;?ectra i n  d i f f e r e n t  ways. 

~ i ~ c ~ s s e s  seem important f o r  protons f o r  L < 3 .  

Loss processes w i l l  be d i f fe ren t  f o r  protons and a-par t ic les  

Loss 

This s i tuai ioi i  v h r e  t h e  proton and aipha p a r t i c l e  energy spectra  

&x the  sane shouldbe  t rue  as long as we have steady state, without 

loss for  both par t ic les ,  t h a t  is, where tne Fokker Planck equation can 

be w r i t t e n  (Davis and Chang, 1962) 



' h e  spectra  should be the  same f o r  steady s t a t e  because we would 

expect the diffusion process t o  operate on the  two p a r t i c l e s  i n  similar 

ways s o  t h a t  

which from (20)  would give j (E.) = k j p ( E ) .  The two s e t s  of p a r t i c l e s  

a o ~ , ' t  have t o  d i f fuse  with the  same ve loc i ty .  They can move through 

edch otner  and probably w i l l ,  because protons and a -pa r t i c l e s  of t he  

s m e  ecergy w i l l  have d i f f e r e n t  d r i f t  periods 

CY 

From (22) for protons and a -pa r t i c l e s  of t he  same k i n e t i c  energy 
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-. . ' ~ i L s  means that a d i f f e r e n t  s e t  or" nagnetic disturbances w i l l  cause 

I -  

vio la t ion  of t h e  P invar ian t  f o r  protom a d  a -pa r t i c l e s  of t he  same 

ener,q. 

A predict ion of  t h i s  model of L d i f ix s ion  i s  t h a t  ins ide  t h e  

magnetosphere the proton and a-par t ic le  energy spectra  w i l l  be r e l a t ed  

by 

in t h e  region of L space where l o s s  i s  unimportant (roughly L > 3 ) .  

Also  if the  suggestion put forward here is correct ,  that outer  b e l t  

protons a t  l a rge  B/Bo, i . e .  w e l l  off  the equator, are d r i f t i n g  outwards 

fron The inner b e l t ,  then we would 3ot ex2ect a -pa r t i c l e s  t o  e x i s t  in 

t h i s  region of space. I f  a -par t ic les  a r e  found a t  l a rge  BjBo, Cnen 

maybe v io l a t ion  of t h e  p or J invariants  i s  inportant f o r  outer b e l t  

protons.  
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.4 c _. ,sarison of transformed h v i s ,  dcfikm and TJilliamson,(lgCJ,' 

% 

r-. 

L. 

-- 
3 e .  

xi th  measurements by F i l l i u s  and McIlwain of protons of 

~- **i bo ;& ;";e'{. m- --.....*-,. nnn i r lonJ- i+" ior ;  UIC: L u A  v c . 3  wLL h:~ r;rhich expnnentia; 

ier.,, from Eq. 13 or  1 4  dominates in the transformed data. 

9. I. c,,nparison of transformed Davis, Hoffman and Williamson, (1964) 

d a t a  with measurements by F i l l i u s  and McIlwain of protons of 1.6 

t o  7.1 MeV. The curves are ident i f ied by which exponential term 

from Eq. 13 or 1 4  dominates i n  the t ransrormd data. 
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